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High-performance dielectric materials with high relative permittivity and surpressed dielectric loss are of interest for potential electrical and electronic applications, such as energy storage devices, capacitor, artificial muscles, etc. [1] [2] [3] [4] [5] [6] [7] Recently, ceramic/polymer insulative composites that combine high permittivity ferroelectric ceramics (BaTiO 3 , Pb(Zr,Ti)O 3 , Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 , BaSrTiO 3 (BST)) with flexible polymers have been examined to exploit the beneficial dielectric properties, insulating properties and flexibility of each phase. 8, 9 However, due to the low permittivity of the polymer matrix phase the maximum relative permittivity that can be achieved is usually limited to less than 100, even when the composite incorporates high levels of ferroelectric ceramic particles (>50% vol). The need for high ceramic loading levels in such composite systems leads to reduced mechanical flexibility and uniformity of the materials.
Conductive particle/polymer (percolative composite) systems have also been regarded as an effective strategy for preparing high-performance dielectric materials.
One danger of using conductive additives is that while the permittivity increaes, the dielectric loss can also dramatically increase due to the inevitable agglomeration and connection of the conductive fillers in the percolative composite. [10] [11] [12] As a result, it is of interest to the develop new dielectric composites that lie between the two kinds of aforementioned composite that combine increased permittivity from a percolative composite (e.g. graphene/polymer) with a suppressed dielectric loss from insulative composites (e.g. ceramic/polymer).
Graphene with its excellent mechanical, electronic properties, thermal 4 conductivity, and large specific surface area (2630 m 2 g −1 ) is regarded as an ideal filler in dielectric composites and has been recently investigated. [13] [14] [15] Previous reports have indicated that the permittivity of the graphene/polymer composite can be dramatically improved with a small loading of graphene. 16, 17 The existence of uniformly dispersed graphene in the polymer matrix is crucial to achieve a large interface area, which can contribute to the improved permittivity via the Maxwell-Wagner-Sillars interface polarization in the percolative composites. [18] [19] [20] Thus, recent efforts have been devoted to improving the dispersibility of graphene in the polymer matrix, and have focused mostly on chemical modification methods. 17, 21 The role of the modifier is to react with the distributed groups of -OH, -COOH, or =O on the surface of the graphene. In practice it is difficult to form a complete coating due to the large specific surface area of graphene. The organic modifier on the graphene surface can also destroy the unique conjugated structure of graphene, which does not contribute to an increase permittivity due to the low permittivity of the modifier itself. Table 1 summarizes the previously reported dielectric properties of percolative nanocomposite with a variety of conductive fillers. As presented in Table 1 , the permittivity increases after introducing different amounts of modified conductive fillers, while most of the composites with a high permittivity (>100) exhibit a high dielectric loss. In order to enhance the properties of such composites, a novel dielectric nanocomposite based on hierarchical interfaces was investigated. BST ceramic in a nanocuboid form was initially formed as dots to decorate functionalized graphene sheets (FGS). The BST modified FGS was further modified by dopamine proven by X-ray photoelectron spectroscopy (XPS) (Supporting Information Figure   S2 ). The BST@FGS composite particles were then modified by dopamine, as in graphite. 34 The small hump implies that the graphene sheets are highly disordered and there is stacking with low degree of graphitization. 35 The same peak is also observed in the XRD patterns of the BST@FGS. Figure S3 ). The results of XRD and Raman spectra (Supporting Information Figure   S4 ) indicate that the BST@FGS was successfully synthesized without any impurity phase. It was interesting to note that the nanocomposite films showed a relatively stable permittivity up to 1MHz, this is in contrast to the typical response of percolative composites whose permittivity is highly frequency dependent and decreases significantly with increasing frequency. 10, 11, 37 The thickness of the BST nanocuboids in this study is nearly one to two orders of magnitude larger than those of organics based modification layer in most previous reports. 8, 10 As a result, more charge carriers can migrate and accumulate at the interfaces between the BST nanocuboid and the FGS due to the long-distance channel path, which leads to large polarization and high permittivity, and the increased polarization can partly offset the decreased polarization due to the increased frequency. 29 As a result, the nanocomposites showed a relatively stable permittivity with the frequency range. It is thought that the samples exhibited an increased permittivity due to the following reasons: (i) the BST nanocuboid is homogeneously dispersed on the FGS surface, which prevents agglomeration and helps to isolate the graphene nanosheets and also maximizes the specific surface area of the graphene.
(ii) the multiple modifications of BST and dopamine provided hierarchical interfaces between the FGS, dopamine, BST, and polymer matrix in the nanocomposites, and an increased number of dipoles were 14 incorporated in the nanocomposites with the inclusion of multiphase fillers. 16, 18 (iii)
The high permittivity of the ferroelectric ceramic BST contributes to the permittivity of the nanocomposite. 38 In many cases the permittivity of percolative composites dramatically increases with increasing conductive filler content, especially when the filler loading is close to the percolation threshold. However, ideal dielectric materials should simultaneously exhibit a high permittivity and low dielectric loss, which is not often achieved in such systems. [10] [11] [12] In our work (Figure 4b ), the dielectric loss of the percolative composites shows the similar feature to the ceramic/polymer composites, which do not exhibit a large increase in loss with an increase of filler loading. For example, the dielectric loss remains low at a value of 0.084 at 1 kHz even when the FGS loading increased to 6.12 vol%, and the maximum dielectric loss of the nanocomposite with 7.19 vol% FGS was still relatively low (tanδ =0.114); such properties are more attractive than most of the ceramic/polymer or traditional conductive particles/polymer composites (see Table 1 ). The dielectric loss in percolative composites mainly originates from space charge conduction, thus the insulation of the conductive filler such as graphene nanosheets is the key to decrease the dielectric loss, the use of simple organic modification usually lead to high dielectric loss due to most of the surface of graphene being bare, which is attributed to the difficulty in distributing reaction groups across the large specific surface area of graphene. 28 The nanocomposite with Dop@BST@FGS exhibited excellent insulation due to the low dielectric loss and electrical conductivity (Figure 4b and 4c) . Charge carriers in the interfaces are not 15 free due to the FGS being prevented from connecting and forming conduction paths by the BST nanocuboid insulator embedded in the surface of the FGS. This composite architecture also led to an even distribution of the FGS in the polymer matrix, thus the accumulated charge carriers were trapped at the interfaces without a conductive channel path. In addition, an outer modification layer of dopamine makes the filler tightly adhere with the matrix so that voids or crack defects were mostly restricted. 
17 where matrix ε is the permittivity of the P(VDF-HFP) matrix (6.9 at 1 kHz), ε is the permittivity of the nanocomposites at 1kHz, f FGS is the volume fraction of the FGS, and s is a critical exponent. 39 The f c of Dop@BST@FGS/P(VDF-HFP) and BST@FGS/P(VDF-HFP) nanocomposites respectively are 0.104 and 0.058 from the nonlinear fitting results shown in Figure S8a and b.
Breakdown strength is another important parameter of dielectric composite. Table   2 The permittivity, dielectric loss and electric conductivity are measured at 1 kHz, the breakdown strength is measured at 100 Hz.
CONCLUSIONS
In summary, a novel dielectric Dop@BST@FGS/P(VDF-HFP) nanocomposite with hierarchical interfaces was prepared and characterized in detail. The optimized percolative composite combined the high permittivity from a percolative composite with the low dielectric loss from an insulative composite. A high permittivity of 170.4
and low dielectric loss of 0.114 were achieved. This research broadens the range of traditional insulative and percolative composites, and provides a potential practical application in high performance dielectric composites.
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